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Acute ischemic stroke (AIS) is the most common form of stroke and an almost immediate loss of oxygen and glucose to the brain tissue occurred when blood vessel is suddenly occluded by a thrombus or embolism (Lakhan et al., 2013). Ischemic penumbra is a region of ischemic brain tissue with sufficient energy for short-term survival (Hakim, 1998) and if ischemia duration is extended, the penumbra will progress to irreversible damage (Dirnagl et al., 1999). Therefore, the primary goal of current treatment for AIS is to salvage the penumbra (Ramos-Cabrer et al., 2011), which has inspired the development of two main categories of drugs to treat AIS: some drugs to interrupt cell death pathways (Reza Noorian et al., 2011) and other drugs to induce reperfusion (Barreto and Alexandrov, 2012). Over decades, research has failed to translate over 1,000 experimental treatments from discovery in cells and rodents to use in humans (O'Collins et al., 2012) and a major goal in the treatment of AIS is to prompt arterial recanalization. Until now, thrombolysis with tissue plasminogen activator (tPA) within 3 or 4.5 hours after symptom onset is the only approved treatment by the United States Food and Drug Administration (FDA) for AIS (Hacke et al., 2008; Del Zoppo et al., 2009; Peplow, 2015). However, brief therapeutic window and the high incidence of hemorrhage transformation (HT) have profoundly constrained the clinical use of tPA in ischemic stroke patients (Marshall, 2015).

The presence of a salvageable penumbra has been widely agreed as the premise for thrombolytic therapy (Ramos-Cabrer et al., 2011), while protecting the blood brain barrier (BBB) is critical to avoid brain edema and HT following reperfusion therapy. In the early stage of AIS, ischemia-induced hypoxia and the consequent bioenergetic failure produced irreversible damage to the penumbra, and BBB damage within the thrombolytic time window is an indicator for tPA-induced HT (Jin et al., 2014; Leigh et al., 2014). Therefore, either providing the O~2~ as soon as possible (normobaric hyperoxia (NBO) treatment), freezing the brain (hypothermia) to slow down the ischemia-induced damage or both treatments will extend the time window of tPA treatment.
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NBO\'s protective effect {#sec2-1}
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Improving tissue oxygenation has been studied for many years as a simplistic but plausible treatment strategy to reduce ischemia-induced injury. Recent animal and human stroke studies showed that when administered early after ischemia onset, NBO showed neuroprotective effects (Qi et al., 2013). For example, NBO retards the evolution of ischemic brain tissue toward infarction in a rat model of transient focal cerebral ischemia (Xu et al., 2016). This protection is attributed to NBO\'s ability to improve energy metabolism in the ischemic penumbra, as evidenced by elevated interstitial oxygen partial pressure (Liu et al., 2006), increased cerebral blood flow and O~2~ delivery (Chazalviel et al., 2016c), reductions in acidosis and adenosine triphosphate (ATP) deletion (Sun et al., 2011), and reduced caspase-3 and -9 expression (Chen et al., 2015). Of note, continued NBO treatment after reperfusion shows more beneficial effects than NBO treatment during occlusion alone (Tiwari et al., 2016).

Side effect and controversy of NBO {#sec2-2}
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As NBO is readily available, safe and can be initiated promptly after stroke onset by paramedics, it has been suggested as a practical acute-phase treatment to slow down the onset of irreversible damage of the penumbra, thus potentially allowed for delayed or more effective thrombolysis (Kim et al., 2005; Henninger and Fisher, 2006; Liu et al., 2009). In addition, NBO has been shown as an effective neuroprotective strategy for ischemic stroke (Cornet et al., 2012; Qi et al., 2013; Shi et al., 2016). However, recent clinical trial was terminated because of unclear therapeutic efficacy (95 % NBO in AIS) (Cornet et al., 2012; Pountain and Roffe, 2012). In addition, in a recent Indian trial using 61 % NBO for anterior circulation ischemic strokes patients within 12 hours after stroke, NBO did not significantly improve their clinical outcome (Padma et al., 2011). This is maybe due to the complexity of stroke and detrimental potential of oxygen-associated excessive generation of reactive oxygen series (ROS). However, a recent critical review of the literature showed that NBO does not increase ROS or oxidative stress if applied for a short duration; therefore, the potential that NBO is a viable neuroprotective strategy for AIS is compelling. The benefits of NBO may significantly outweigh the risks of potential increase in ROS generation for the treatment of AIS (Weaver and Liu, 2015).

Combination treatment with NBO {#sec2-3}
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Since NBO alone did not work as expected, combination NBO with other therapy may be an ideal strategy (Liang et al., 2016). For example, recent studies showed that NBO extended neuro- and vaso-protection of N-acetylcysteine in transient focal ischemia (Liu et al., 2016), combination of NBO and melatonin demonstrated more protective effect on reperfusion injury through regulation cerebral microcirculation (Beker et al., 2015). In addition, combination therapy of NBO with methylene blue improved functional outcome and reduced infarct volume compared to either treatment alone and these improvements extended up to 28 days (Rodriguez et al., 2016).

Effect of hyperbaric oxygen (HBO) treatment {#sec2-4}
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HBO is an efficacious, benign and humanitarian way to promote brain repair (Stoller, 2015). It has showed protective effect on traumatic brain injury (Hu et al., 2016). Of note, HBO increased tPA-induced thrombolysis *in vitro*, and reduced ischemic brain damage and edema in rats subjected to thromboembolic brain ischemia (Chazalviel et al., 2016b). In addition, HBO, but not NBO, reduced oxygen and glucose deprivation-induced cell injury (Chazalviel et al., 2016a). More interestingly, numerous basic and clinical studies have shown the beneficial effect of HBO on neurological outcome after stroke; however, HBO\'s effect in human stroke is still not sufficiently evidence-based, due to the insufficient randomized double-blind controlled clinical studies (Zhai et al., 2016).

Effect of NBO treatment with tPA thrombolysis {#sec2-5}
---------------------------------------------

NBO could increase the safety of delayed tPA thrombolysis in stroke (Liu et al., 2009) and has been shown to slow BBB damage and expand the therapeutic time window for tPA treatment in cerebral ischemia (Liang et al., 2015). More importantly, it did not increase cellular markers of superoxide generation or brain levels of matrix metalloprotein-9 (MMP-9) (Kim et al., 2005). Despite producing cerebral blood flow restoration, combination of NBO with tPA had no neuroprotective effect on ischemic brain damage (David et al., 1985); however, Henninger et al. (2009) showed that the combination of NBO with tPA did not increase hemorrhage volume at 10 hours or petechial hemorrhages at 24 hours in a clinically relevant thromboembolic rat stroke model.
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Hypothermia\'s protective effect {#sec2-6}
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Hypothermia has been suggested to be the most potent therapeutic approach to reduce experimental ischemic brain injury, and mild hypothermia (MH) is increasingly used for neuroprotection during neurovascular surgery. Mild to moderate hypothermia prevented microvascular basal lamina antigen loss in experimental focal cerebral ischemia (Hamann et al., 2004) and tPA-related hemorrhage after experimental stroke (Tang et al., 2013), reduced infarct volume and BBB breakdown following tPA treatment in the mouse (Cechmanek et al., 2015), diminished oxidative DNA damage and pro-death signaling events after cerebral ischemia (Ji et al., 2007). Hypothermia also established a lasting inhibitory effect on activation of astrogliosis (Zgavc et al., 2012).

Since cooling therapy may reduce damage and potentially improve outcome, MH is a promising neuroprotective therapy in stroke management. In addition, head cooling targets the site of injury and may have fewer side effects than systemic cooling (Kollmar and Schwab, 2012).

Controversy of delayed hypothermia treatment {#sec2-7}
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Perhaps the best studied neuroprotective treatment in ischemia models is MH. Extensive data showed that hypothermia lead to decreased infarct volumes and improved outcomes in ischemic animal models (Choi et al., 2012). Despite these findings, MH application in ischemic stroke has been limited by delayed cooling onset, prolonged duration, extensive medical and nursing efforts, and significant complications (Han et al., 2015).

Although a large pool of evidence has demonstrated that MH is beneficial if it is given during cerebral ischemia, there are also controversial reports. For example, in embolic model, inflammatory reactions occurring in the brain after ischemia may contribute to secondary damage (Wang et al., 2002). Delayed administration of minocycline alone or delayed minocycline plus delayed MH reduced the infarction volume significantly (Wang et al., 2003). However, delayed MH alone was not protective and delayed MH in combination with minocycline did not show any additive effects (Wang et al., 2002; Wang et al., 2003).

Combination treatment with hypothermia {#sec2-8}
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The proposed combination therapy, which is based on pathophysiological considerations, seems to be a promising alternative for neuroprotection in cerebrovascular surgery (Zausinger et al., 2003). Combination of therapeutic hypothermia and other neuroprotective strategies after ischemic cerebral insult has been reviewed (Goossens and Hachimi-Idrissi, 2014). Combined MH and decompressive craniectomy (DC) result in additional reduction of infarction size and improve neurological score (Doerfler et al., 2001). In addition, MH plus DC not only ameliorates neuron apoptosis but also remarkably reduces infarction size (Jieyong et al., 2006). Shuaib et al. (1993) showed that when CGS-19755, an N-methyl-D-aspartic acid (NMDA) receptor blocker, was combined with MH, the effects of repetitive ischemia were completely abolished in all but one gerbil. Combination of hypothermia with MH may further enhance this protection. Nito et al. (2004) showed that combination of MH with FK506, an immunosuppressant, significantly reduced ischemic brain damage following transient middle cerebral artery occlusion in rats, and expanded the therapeutic window of FK506. Sahin et al. (2010) demonstrated that the combination of citicoline with MH was more effective than either alone in ameliorating cerebral damage after transient focal ischemia by suppressing apoptotic processes. Berger et al. (2004) provided evidence that combining MH and brain-derived neurotrophic factor (BDNF) in the acute stage of ischemia had a synergistic effect in attenuating striatal glutamate release and reducing early infarct size.

Mild hypothermia with tPA thrombolysis {#sec2-9}
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Hypothermia is neuroprotective in experimental stroke and may extend the so far limited therapeutic time window for thrombolysis. MH reduced tPA-related hemorrhage and BBB disruption after experimental stroke (Tang et al., 2013). When MH and thrombolysis was combined in experimental thromboembolic stroke, there was no significant difference between the use of t-PA alone or in combination with hypothermia (Kollmar et al., 2004).
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Issues must be addressed before hypothermia treatment is implemented at a clinical level (Han et al., 2015). Combination therapy of NBO with MH prevented brain damage from thromboembolic stroke via protein kinase C-protein kinase B-nitric oxide metabolite (PKC-AKT-NOX) modulation, reduced hyperglycolysis and modulated pyruvate dehydrogenase complex in thromboembolic cerebral ischemia (Cai et al., 2016a, b, c). Of note, therapeutic effect of tPA in ischemic stroke was enhanced in combination with NBO and hypothermia (Ji et al., 2015); therefore, it is reasonable to combine NBO and MH after acute ischemia stroke.
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As NBO and MH are widely available and can be promptly initiated after stroke onset, combination of NBO and MH may be an ideal early stroke treatment to preserve the ischemic penumbra, followed by other neuroprotectants to eventually salvage the ischemic penumbral tissue. Because of the high translational degree of both NBO and MH (they are cost-effective, easy to manage, simple to administer, and readily available), there is an urge for large randomized controlled trials to address the effect.
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